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We propose S4 symmetric four-generation models for charged leptons. Although an S4
symmetric four-generation model has been already proposed, there are some additional
symmetries in the model. We construct four-generation models for charged leptons with
only requirement of exact S4 symmetry. It turned out that at least one of the models
is consistent with observations of charged lepton masses and predicts the mass of the
charged lepton of the fourth generation to be 556 GeV.
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1. Introduction
Four-generation models for quarks and leptons are well-motivated extensions of
the standard model of the particle physics. These models have been studied exten-
sively in the literature (see Refs1, 2 for reviews), for examples, especially for quark
sector,3–7 for lepton sector,8–14 for interplay between quarks and leptons,15–18 for
neutrino sector,19–24 for Higgs sector25–29 and for dark matter problem.30–41
In 1989, Ozaki, one of the authors, proposed an S4 symmetric four-generation
model for quarks and charged leptons42 to extend an S4 symmetric three-generation
model.43 For S4 models in its early stages, see references in Ref.
42 Up to now, many
three-generation models based on S4 permutation flavor symmetry have been pro-
posed;44–57 however, four-generation model based on S4 permutation flavor symme-
try has not been proposed yet, aside from Ozaki’s model.
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Although, the predicted values of individual Cabbibo-Kobayashi-Maskawa ma-
trix elements in Ozaki’s model were within experimental data in 1989, there are
some additional assumptions for the sake of simplicity in calculations and are some
additional parameters to fit the model predictions in with observations. These re-
dundant assumptions and additional parameters are disagreeable. Moreover, the
charged lepton masses in Ozaki’s model were not consistent with currently observed
charged lepton masses.
In this paper, we propose exact S4 symmetric four-generation models for charged
leptons. It turns out that at least one of the models is consistent with the current
observations of the charged lepton masses.
The paper is organized as follows. In section 2, we establish the convention and
S4 assignment criteria for model building for later discussions. In section 3, we
show the viable model which is consistent with observations. Finally, we give the
summary in section 4.
2. Setup
2.1. Tensor products
S4 group consists of all permutations among four objects, e.g., e1, e2, e3, and e4.
The following tensor products of S4
3⊗ 3 = 3′ ⊗ 3′ = 1⊕ 3⊕ 2⊕ 3′,
3⊗ 3′ = 1′ ⊕ 3′ ⊕ 2⊕ 3,
3⊗ 2 = 3′ ⊗ 2 = 3⊕ 3′,
2⊗ 2 = 1⊕ 2⊕ 1′, (1)
with obvious products 1 ⊗ 1 = 1′ ⊗ 1′ = 1, 1 ⊗ 1′ = 1′, 1 ⊗ 3 = 1′ ⊗ 3′ = 3,
1 ⊗ 3′ = 1′ ⊗ 3 = 3′, 1⊗ 2 = 1′ ⊗ 2 = 2 are independent of the basis,58, 59 where
1,1′,2,3 and 3′ denote the dimensions of irreducible representations of S4 (the
prime means antisymmetric representation). We use the basis in Refs.42, 43
x1 =
1
2
(e1 + e2 + e3 + e4),
x2 =
1√
2
(e1 − e2),
x3 =
1√
2
(e3 − e4),
x4 =
1
2
(e1 + e2 − e3 − e4), (2)
where x1 is a trivial one-dimensional representation 1 and {x2, x3, x4} is a three-
dimensional representation 3. The relevant multiplication rules to our study are as
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follows: (
a1
a2
)
2
⊗
(
b1
b2
)
2
=
1√
2
(a1b1 + a2b2)1 ⊕ 1√
2
(
a1b2 + a2b1
a1b1 − a2b2
)
2
⊕ 1√
2
(a1b2 − a2b1)1′ , (3)

a1a2
a3


3
⊗

 b1b2
b3


3
=
1√
3
(a1b1 + a2b2 + a3b3)1 ⊕ 1√
2

 a1b3 + a3b1−a2b3 − a3b2
a1b1 − a2b2


3
⊕
(
1√
2
(a1b2 + a2b1)
1√
6
(a1b1 + a2b2 − 2a3b3)
)
2
⊕ 1√
2

a2b3 − a3b2a3b1 − a1b3
a1b2 − a2b1


3′
. (4)
Several bases of representations of S4 group have been used in the literature.
58
2.2. S4 assignment criteria
We denote the left-handed (LH) lepton doublets, right-handed (RH) lepton singlets
and Higgs doublets by
Li =
(
νi
ℓi
)
L
, Ei = ℓiR, φi =
(
φ+i
φ0i
)
, (5)
where i = 1, 2, 3, 4. The neutrino masses and mixing are omitted in this study.42
We assume that these fermions and Higgs scalars are assigned as one of the
irreducible representations of S4 according to the following criteria:
(1) Higgs doublets are assigned as φ1 : 1 and {φ2, φ3, φ4} : 3 in all models.
(2) LH doublets Li are assigned as 1,3,1
′ or 3′.
(3) RH singlets Ei are assigned as 1,2,3,1
′ or 3′
(4) the order of generations is always {1, 2, 3, 4}, such as {L1, L2, L3}, {L2, L3, L4},
{L2, L3}.
An abbreviation 13-112 will be used to show the following assignment
L1 : 1, {L2, L3, L4} : 3,
E1 : 1, E2 : 1, {E3, E4} : 2, (6)
with
φ1 : 1, {φ2, φ3, φ4} : 3. (7)
Other abbreviations 13-1′12, 1′3-1′12, etc., will also be used in the same manner.
In the next section, we show that at least one of the models (model 1′3-11′2) is
consistent with observations. Before we go to the next section, we show some details
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of the Higgs potential because the assignment of the Higgs doublets is same in all
models.
2.3. Higgs sector
The general Higgs potential invariant under SU(2)⊗ U(1)⊗ S4 is42
V = µ22(φ¯2φ2 + φ¯3φ3 + φ¯4φ4) + α(φ¯2φ2 + φ¯3φ3 + φ¯4φ4)
2
+β
[
1
2
(φ¯2φ3 + φ¯3φ2)
2 +
1
6
(φ¯2φ2 + φ¯3φ3 − 2φ¯4φ4)2
]
+γ
[
1
2
(φ¯2φ4 + φ¯4φ2)
2 +
1
2
(φ¯3φ4 + φ¯4φ3)
2 +
1
2
(φ¯2φ2 − φ¯3φ3)2
]
+δ
[
1
2
(φ¯2φ3 − φ¯3φ2)2 + 1
2
(φ¯3φ4 − φ¯4φ3)2 + 1
2
(φ¯4φ2 − φ¯2φ4)2
]
+µ21φ¯1φ1 + aφ¯1φ1
4∑
i=2
(φ¯iφi) + b(φ¯1φ1)
2 + c
4∑
i=2
[
(φ¯1φi)(φ¯1φi) + h.c.
]
. (8)
We denote the VEV’s of the neutral components of Higgs doublets as
〈φ01〉 = v1e−iϑ1 , 〈φ02〉 = v2e−iϑ2 , 〈φ03〉 = v3e−iϑ3 , 〈φ04〉 = v4e−iϑ4 . (9)
In terms of the VEV’s we have
V = µ22(v
2
2 + v
2
3 + v
2
4) + α(v
2
2 + v
2
3 + v
2
4)
2
+β
[
2v22v
2
3 cos
2(ϑ2 − ϑ3) + 1
6
(v22 + v
2
3 − 2v24)2
]
+γ
[
2v22v
2
4 cos
2(ϑ2 − ϑ4) + 2v23v24 cos2(ϑ3 − ϑ4) +
1
2
(v22 − v23)2
]
−δ [2v23v24 sin2(ϑ3 − ϑ4) + 2v24v22 sin2(ϑ4 − ϑ2) + 2v22v23 sin2(ϑ2 − ϑ3)]
+
{
µ21 + a(v
2
2 + v
2
3 + v
2
4) + 2c
[
v22 cos 2(ϑ2 − ϑ1) + v23 cos 2(ϑ3 − ϑ1)
+ v24 cos 2(ϑ4 − ϑ1)
]}
v21 + bv
4
1 . (10)
The minimization conditions are
∂V
∂v1
= 2
{
µ21 + a(v
2
2 + v
2
3 + v
2
4) + 2c
[
v22 cos 2(ϑ2 − ϑ1) + v23 cos 2(ϑ3 − ϑ1)
+ v24 cos 2(ϑ4 − ϑ1)
]}
v1 + 4bv
3
1 = 0, (11)
∂V
∂v2
=
(
4α+
2
3
β + 2γ
)
v32 +
{
2µ22 +
[
4α+ 4β cos2(ϑ2 − ϑ3) + 2
3
β
−2γ − 4δ sin2(ϑ2 − ϑ3)
]
v23 +
[
4α− 4
3
β + 4γ cos2(ϑ2 − ϑ4)
−4δ sin2(ϑ4 − ϑ2)
]
v242av
2
1 + 4cv
2
1 cos 2(ϑ2 − ϑ1)
}
v2 = 0, (12)
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∂V
∂v3
=
(
4α+
2
3
β + 2γ
)
v33 +
{
2µ22 +
[
4α+ 4β cos2(ϑ2 − ϑ3) + 2
3
β − 2γ
− 4δ sin2(ϑ2 − ϑ3)
]
v22 +
[
4α− 4
3
β + 4γ cos2(ϑ3 − ϑ4)
− 4δ sin2(ϑ3 − ϑ4)
]
v24 + 2av
2
1 + 4cv
2
1 cos 2(ϑ3 − ϑ1)
}
v3 = 0, (13)
∂V
∂v4
=
(
4α+
8
3
β
)
v34 +
{
2µ22 +
[
4α− 4
3
β + 4γ cos2(ϑ2 − ϑ4)
− 4δ sin2(ϑ4 − ϑ2)
]
v22 +
[
4α− 4
3
β + 4γ cos2(ϑ3 − ϑ4)
− 4δ sin2(ϑ3 − ϑ4)
]
v23 + 2av
2
1 + 4cv
2
1 cos 2(ϑ4 − ϑ1)
}
v4 = 0, (14)
∂V
∂ϑ1
= 4c
[
v22 sin 2(ϑ2 − ϑ1) + v23 sin 2(ϑ3 − ϑ1) + v24 sin 2(ϑ4 − ϑ1)
]
v21 = 0, (15)
∂V
∂ϑ2
= −2βv22v23 sin 2(ϑ2 − ϑ3)− 2γv22v24 sin 2(ϑ2 − ϑ4)
+2δ
[
v22v
2
4 sin 2(ϑ4 − ϑ2)− v22v23 sin 2(ϑ2 − ϑ3)
] − 4cv22 sin 2(ϑ2 − ϑ1)
= 0, (16)
∂V
∂ϑ3
= −2βv22v23 sin 2(ϑ3 − ϑ2)− 2γv23v24 sin 2(ϑ3 − ϑ4)
+2δ
[−v23v24 sin 2(ϑ3 − ϑ4)− v22v23 sin 2(ϑ3 − ϑ2)]
−4cv23 sin 2(ϑ3 − ϑ1) = 0, (17)
and
∂V
∂ϑ4
= 2γ
[
v22v
2
4 sin 2(ϑ2 − ϑ4) + v23v24 sin 2(ϑ3 − ϑ4)
]
+ 2δ
[
v23v
2
4 sin 2(ϑ3 − ϑ4)
− v24v22 sin 2(ϑ4 − ϑ2)
]− 4cv24 sin 2(ϑ4 − ϑ1) = 0. (18)
The Eq.(15) is not independent of Eqs.(16)-(18); this reflects the fact that V depends
only on three angles; we can set ϑ1 = ϑ4. When we substitute Eqs.(16)-(18) into
Eqs.(11)-(14), we get(
4α− 4
3
β + 2γ − 2δ
)
v22 +
(
4α+
8
3
β − 2γ − 2δ
)
v23 +
(
4α− 4
3
β + 2γ
−2δ) v24 + 2µ22 + 2av21 = 0, (19)
(
4α+
8
3
β − 2γ − 2δ
)
v22 +
(
4α− 4
3
β + 2γ − 2δ
)
v23 +
(
4α− 4
3
β + 2γ
− 2δ) v24 + 2µ22 + 2av21 = 0, (20)
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(
4α− 4
3
β + 2γ − 2δ
)
v22 +
(
4α− 4
3
β + 2γ − 2δ
)
v23 +
(
4α+
8
3
β
− 2(γ + δ)
2
β + δ
)
v24 + 2µ
2
2 + 2av
2
1 − 4c
γ + δ
β + δ
v21 = 0, (21)
and
2a
(
v22 + v
2
3 + v
2
4
)
+ 2µ21 − 4c
(
2c
β + δ
v21 −
β − γ
β + δ
v24
)
+ 4bv21 = 0. (22)
Eq.(19) and Eq.(20) imply v22 = v
2
3 . It should be noticed that v
2
2 = v
2
3 = v
2
4 is not
necessarily satisfied. The relation of v22 = v
2
3 immediately leads to sin 2(ϑ2 − ϑ4) +
sin 2(ϑ3 − ϑ4) = 0 or ϑ3 − ϑ4 = ϑ4 − ϑ2 + nπ (n = 0,±1,±2, · · · ) with the help
of Eq.(18). We choose the symmetry breaking direction as ϑ1 = ϑ4 = 0 and obtain
ϑ3 = −ϑ2+nπ. Thus there remains only one phase ϑ2. Substituting v2 = v3 = ξ/
√
2,
ϑ2 = φ (and ϑ1 = ϑ4 = 0) into Eq.(9), the VEV’s of the neutral components of
Higgs doublets are represent as
〈φ01〉 = v1, 〈φ02〉 =
ξ√
2
eiφ, 〈φ03〉 =
ξ√
2
e−iφ, 〈φ04〉 = v4. (23)
We rewrite Eq.(16) as
sin 4φ = 2
[
−γ + δ
β + δ
(
v4
ξ
)2
− 2c
β + δ
(
v1
ξ
)2]
sin 2φ, (24)
and divide it by sin 2φ 6= 0, then, the minimization condition of the Higgs potential
can be obtained as
cos 2φ = −γ + δ
β + δ
(
v4
ξ
)2
− 2c
β + δ
(
v1
ξ
)2
. (25)
The minimums is stable if
b > 0, |γ + δ| > |β + δ|, |2c| > |β + δ|, |v1| < |ξ|, |v4| < |ξ|. (26)
Moreover, since all four Higgs scalars must contribute to electroweak symmetry
breaking, the following sum rule
(246 GeV)2 = | 〈φ01〉 |2 + | 〈φ02〉 |2 + | 〈φ03〉 |2 + | 〈φ04〉 |2, (27)
must be satisfied.
3. Models
3.1. Candidates
All candidates of S4 symmetric four-generation model for charged leptons satisfied
with the S4 assignment criteria in this paper are shown in Table 1.
For example, in the line for model (a), L1φ1E1 and L1φ1E2 denote the singlet
interactions
Aℓ(ν1, ℓ1)Lφ1ℓ1R +Bℓ(ν1, ℓ1)Lφ1ℓ2R, (28)
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Table 1. Candidates of S4 symmetric four-generation model.
model L1φ1 L1φ234 L234φ1 L234φ234 rank(M) # of couplings
(a) 13-112 E1, E2 - - E1, E2, E34 4 5
(b) 13-1′12 E2 - - E2, E34 3 3
(c) 13-11′2 E1 - - E1, E34 3 3
(d) 13-1′1′2 - - - E34 2 1
(e) 1′3-112 - - - E1, E2, E34 3 3
(f) 1′3-1′12 E1 - - E2, E34 4 3
(g) 1′3-11′2 E2 - - E1, E34 4 3
(h) 1′3-1′1′2 E1, E2 - - E34 4 3
(i) 13-13 E1 E234 E234 E1, E234 4 5
(j) 13-1′3 - E234 E234 E234 3 3
(k) 13-13′ E1 - - E1, E234 4 3
(l) 13-1′3′ - - - E234 3 1
(m) 1′3-13 - - E234 E1, E234 3 3
(n) 1′3-1′3 E1 - E234 E234 4 3
(o) 1′3-13′ - E234 - E1, E234 4 3
(p) 1′3-1′3′ E1 E234 - E234 4 3
from 1⊗ 1⊗ 1, L234φ234E1 and L234φ234E2 denote the singlet interactions
Cℓ
[
(ν2, ℓ2)Lφ2 + (ν3, ℓ3)Lφ3 + (ν4, ℓ4)Lφ4
]
ℓ1R
+Dℓ
[
(ν2, ℓ2)Lφ2 + (ν3, ℓ3)Lφ3 + (ν4, ℓ4)Lφ4
]
ℓ2R, (29)
from 3⊗ 3⊗ 1 and L234φ234L34 denotes the singlet interactions
Eℓ
{
1√
2
[
(ν2, ℓ2)Lφ3 + (ν3, ℓ3)Lφ2
]
ℓ3R
+
1√
6
[
(ν2, ℓ2)Lφ2 + (ν3, ℓ3)Lφ3 − 2(ν4, ℓ4)Lφ4
]
ℓ4R
}
, (30)
from 3⊗ 3⊗ 2. We can see that the rank of mass matrix is equal to four and there
are five Yukawa couplings for the charged leptons, Aℓ, Bℓ, Cℓ, Dℓ, Eℓ in the model
13-112.
There are models in which the symmetric representations are replaced with
antisymmetric representation and vice versa (except for Higgs sector). For example,
(a) 13-112 yields the following (A) 1′3′-1′1′2′
L1 : 1
′, {L2, L3, L4} : 3′,
E1 : 1
′, E2 : 1′, {E3, E4} : 2′, (31)
with
φ1 : 1, {φ2, φ3, φ4} : 3. (32)
The structure of the Yukawa Lagrangian in this model 1′3′-1′1′2′ is exactly same
as it for the model 13-112. Similarly, (b) 13-1′12 and (B) 1′3′-11′2 have same
structure of Yukawa Lagrangian. We omit models (A),(B),(C),· · · ,(P) related to
(a),(b),(c),· · · ,(p) in Table 1.
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3.2. Viable model (1′3-11′2)
We assign the LH doublets, RH singlets and Higgs doublets as (1′3-11′2):42
L1 : 1
′, {L2, L3, L4} : 3,
E1 : 1, E2 : 1
′, {E3, E4} : 2, (33)
and
φ1 : 1, {φ2, φ3, φ4} : 3. (34)
The Yukawa Lagrangian relevant for the charged lepton masses and invariant under
SU(2)⊗ U(1)⊗ S4 symmetry is
LℓY = Aℓ(ν1, ℓ1)Lφ1ℓ2R
+Bℓ
[
(ν2, ℓ2)Lφ2 + (ν3, ℓ3)Lφ3 + (ν4, ℓ4)Lφ4
]
ℓ1R
+Cℓ
{
1√
2
[
(ν2, ℓ2)Lφ3 + (ν3, ℓ3)Lφ2
]
ℓ3R
+
1√
6
[
(ν2, ℓ2)Lφ2 + (ν3, ℓ3)Lφ3 − 2(ν4, ℓ4)Lφ4
]
ℓ4R
}
+h.c.. (35)
At the tree level, the mass terms in the Lagrangian to be
(ℓ1, ℓ2, ℓ3, ℓ4)LMℓ


ℓ1
ℓ2
ℓ3
ℓ4


R
+ h.c., (36)
where the charged lepton mass matrix is
Mℓ =


0 Aℓv1 0 0
Bℓξ√
2
eiφ 0 Cℓ√
2
ξ√
2
e−iφ Cℓ√
6
ξ√
2
eiφ
Bℓξ√
2
e−iφ 0 Cℓ√
2
ξ√
2
eiφ Cℓ√
6
ξ√
2
e−iφ
Bℓv4 0 0
−2Cℓ√
6
v4

 , (37)
These mass matrices are diagonalized by bi-unitary transformations:
U †ℓMℓVℓ = diag.(me,mµ,mτ ,mL), (38)
where mL denotes the masses of charged lepton in fourth generation. The matrices
Uℓ and Vℓ for charged lepton sector are satisfied with
U †ℓ (MℓM
†
ℓ )Uℓ = U
†
ℓMℓ(VℓV
†
ℓ )M
†
ℓUℓ
= (U †ℓMℓVℓ)(V
†
ℓ M
†
ℓUℓ)
= (U †ℓMℓVℓ)(U
†
ℓMℓVℓ)
†
= DD†, (39)
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and
V †ℓ (M
†
ℓMℓ)Vℓ = V
†
ℓ M
†
ℓ (UℓU
†
ℓ )MℓVℓ
= (V †ℓ M
†
ℓUℓ)(U
†
ℓMℓVℓ)
= (U †ℓMℓVℓ)
†(U †ℓMℓVℓ)
= D†D, (40)
where D denotes a diagonal mass matrix.
We have performed a parameter search and found that, in the model 1′3-11′2,
the parameter set
v1 = 73.8 GeV, ξ = 229.7 GeV, φ = 1.14× 10−3 rad, (41)
and
Aℓ = 2.41× 10−2, Bℓ = 2.37, Cℓ = 1.59× 10−3, (42)
yields the following masses of charged leptons
me = 0.511 MeV, mµ = 106 MeV,
mτ = 1.78 GeV, mL = 556 GeV. (43)
These predicted masses are consistent with the charged lepton masses in these
predicted masses PDG:60
mPDGe = 0.511 MeV, m
PDG
µ = 106 MeV,
mPDGτ = 1.778 GeV, m
PDG
L & 100 GeV. (44)
The 1′3-11′2 model is a viable four-generation model for charged leptons based on
exact S4 symmetry.
We would like to note that we have constructed exact S4 symmetric four-
generation model for charged leptons. There are excellent S4 based three-generation
models with some additional symmetries such as in Ref.52, 56, 57 These models are
valuable because not only charged lepton sector but also quark sector are correctly
described in these models. On the other hand, we construct four-generation models
only for charged leptons but with only requirement of exact S4 symmetry (we want
to know how much we can construct four-generation models for charged leptons
based on only S4 symmetry). Our approach could be one of the way to study S4
symmetric models.
The numerical calculations for other models have been performed. From our nu-
merical calculations, it seems that the model 1′3-11′2 is only viable four-generation
models for charged leptons based on exact S4 permutation symmetry.
4. Summary
We have proposed S4 symmetric four-generation models for charged leptons. Al-
though an S4 symmetric four-generation model has been already proposed,
42 there
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are some redundant assumptions and additional parameters in the model. In this
paper, we have constructed models with only requirement of exact S4 symmetry.
We have shown that at least one of the models (model 1′3-11′2) is consistent with
observations for masses of charged leptons and predicts the mass of the charged
lepton of the fourth generation to be 556 GeV.
We comment that there is the flavor changing neutral current (FCNC) problem42
in the model 1′3-11′2. We expect that the FCNC problem may be solved under an
assumption that the neutral members are superheavy.61
Finally, we note that there are interesting but unsolved matters in the models
in this paper, such as (1) including neutrino masses and mixings, (2) considera-
tions for neutral fourth generation particle as a dark matter, (3) effects on collider
phenomenology, etc. More details of these topics will be found in our future study.
References
1. P. H. Frampton, P. Q. Hung and M. Sher, Phys. Rep. 330, 263 (2000).
2. B. Holdom, W. Hou, T. Hurth, M. L. Mangano, S. Sultansoy and G. U¨nel, PMC Phys.
A 3, 4 (2009).
3. B. Holdom, Phys. Rev. Lett. 57, 2496 (1986).
4. A. Datta and S. Raychaudhuri, Phys. Rev. D 49, 4762 (1994).
5. J. L. Chkareuli and C. D. Froggatt, Phys. Lett. B 450, 158 (1999).
6. W.-S. Hou and C.-Y. Ma, Phys. Rev. D 82, 036002 (2010).
7. C. Smith, Phys. Rev. D 85, 036005 (2012).
8. H. Baer, V. Barger and R. J. N. Phillips, Phys. Rev. D 32, 688 (1985).
9. S. F. King, Phys. Rev. D 46, 4804 (1992).
10. J. I. S.-Marcos, JHEP 12, 036 (2002).
11. O. Antipin, M, Heikinheimo and K. Tuominen, JHEP 10, 018 (2009).
12. M. T. Frandsen, I. Masina and F. Sannino, Phys. Rev. D 81, 035010 (2010).
13. G. Burdman, L, Da Rold and R. D. Matheus, Phys. Rev. D 82, 055015 (2010).
14. N. G. Deshpande, T. Enkhbat, T. Fukuyama, X.-G. He, L.-H. Tasi and K. Tsumura,
Phys. Lett. B 703, 562 (2011).
15. V. Barger, H. Baer, K. Hagiwara and R. J. N. Phillips, Phys. Rev. D 30, 947 (1984).
16. G. Cveticˇ and C. S. Kim, Phys. Rev. D 51, 201 (1995).
17. A. Djouadi and A. Lenz, Phys. Lett. B 715, 310 (2012).
18. C.-S. Chen, T. W. Kephart and T.-C. Yuan, Prog. Theor. Exp. Phys. 2013, 103B01
(2013).
19. F. J. Gilman and S. H. Rhie, Phys. Rev. D 32, 324 (1985).
20. M. Kawasaki and K. Sato, Phys. Rev. D 38, 1321 (1988).
21. K. S. Babu, E. Ma and J. Pantaleone, Phys. Lett. B 218, 233 (1989).
22. R. Foot, Phys. Rev. D 61, 023516 (1999).
23. A. Lenz, H. Pa¨s and D. Schalla, Phys. Rev. D 85, 075025 (2012).
24. B. Dutta, Y. Gao, A. Kubik, R. Mahapatra, N. Mirabolfathi, L. E. Strigari and J. W.
Walker, Phys. Rev. D 94, 093002 (2016).
25. K. Belotsky, D. Fargion, M. Khlopov, R. Konoplich and K. Shibaev, Phys. Rev. D 68,
054027 (2003).
26. G. D. Kribs, T. Plehn, M. Spannowsky and T. M. P. Tait, Phys. Rev. D 76, 075016
(2007).
27. K. Ishiwata and M. B. Wise, Phys. Rev. D 84, 055025 (2011).
November 1, 2019 20:30 WSPC/INSTRUCTION FILE
kitabayashi˙etal˙v1˙0
S4 symmetric four-generation models for charged leptons 11
28. S. Bar-Shalom, S. Nandi and A. Soni, Phys. Lett. B 709, 207 (2012).
29. D. Das, A. Kundu and I. Saha, arXiv:1707.03000 (Jul. 2017).
30. S. Raby and G. B. West, Phys. Lett. B 202, 47 (1988).
31. K. M. Belotsky, T. Damour and M. Y. Khlopov, Phys. Lett. B 529, 10 (2002).
32. X.-G. He, S.-Y. Ho, J. Tandean and H.-C. Tsai, Phys. Rev. D 82, 035016 (2010).
33. H.-S. Lee, Z. Liu and A. Soni, Phys. Lett. B 704, 30 (2011).
34. Y.-F. Zhou, Phys. Rev. D 85, 053005 (2012).
35. D. Borah and R. Adhikari, Phys. Rev. D 85, 095002 (2012).
36. C. Arina, R. N. Mohapatra and N. Safu, Phys. Lett. B 720, 130 (2013).
37. W.-M. Yang, Phys. Rev. D 87, 095003 (2013).
38. S.-S. Bao, X. Gong and Z.-G. Si, Int. J. Mod. Phys. A 29, 1450010 (2014).
39. T. Hapola, M. Ja¨rvinen, C. Kouvaris, P. Panci and J. Virkaja¨rvi, JCAP 02, 050 (2014).
40. M. Abdullah and J. L. Feng, Phys. Rev. D 93, 015006 (2016).
41. M. Abdullah, J. L. Feng, S. Iwamoto and B. Lillard, Phys. Rev. D 94, 095018 (2016).
42. H. Ozaki, Phys. Rev. D 40, 2425 (1989).
43. Y. Yamanaka, H. Sugawara and S. Pakvasa, Phys. Rev. D 25, 1895 (1982); D29,
2135(E) (1984).
44. T. Brown, S. Pakvasa, H. Sugawara and Y. Yamanaka, Phys. Rev. D 30, 255 (1984).
45. E. Ma, Phys. Lett. B 632, 352 (2006).
46. C. Hagedron, M. Lindner and R. N. Mohapatora, JHEP 06, 042 (2006).
47. G. Altarelli, F. Feruglio and L. Merlo, JHEP 05, 020 (2009).
48. W. Grimus, L. Lavoura and P. O. Ludl, J. Phys. G 36, 115007 (2009).
49. F. Bazzocchi and S. Morisi, Phys. Rev. D 80, 096005 (2009).
50. H. Ishimori, Y. Shimizu, M. Tanimoto and A. Watanabe, Phys. Rev. D 83, 033004
(2011).
51. K. M. Patel, Phys. Lett. B 695, 224 (2011).
52. S. Morisi and E. Peinado, Phys. Rev. D 81, 085015 (2010).
53. R.-Z. Yang and H. Zhang, Phys. Lett. B 700, 316 (2011).
54. Z.-H. Zhao, Phys. Lett. B 701, 609 (2011).
55. V. V. Vien, H. N. Long and D. P. Khoi, Int. J. Mod. Phys. A 30, 155012 (2015).
56. V. V. Vien, Int. J. Mod. Phys. A 31, 1650039 (2016).
57. A. Mukherjee, D. Borah and M. K. Das, Phys. Rev. D 96, 015014 (2017).
58. H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada and M. Tanimoto, Prog.
Theor. Phys. 183, 1 (2010).
59. C. Itzykson and M. Nauenberg, Rev. Mod. Phys. 38, 95 (1966).
60. C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40, 100001 (2016).
61. R. Casalbuoni, D. Dominici, F. Ferugio and R. Gatto, Nucl. Phys. B 299, 117 (1988).
